Ca V 1 channels initiate excitation-contraction coupling in skeletal and cardiac muscle. During the fight-or-flight response, epinephrine released by the adrenal medulla and norepinephrine released from sympathetic nerves increase muscle contractility by activation of the β-adrenergic receptor/cAMP-dependent protein kinase pathway and up-regulation of Ca V 1 channels in skeletal and cardiac muscle. Although the physiological mechanism of this pathway is well defined, the molecular mechanism and the sites of protein phosphorylation required for Ca V 1 channel regulation are unknown. To identify the regulatory sites of phosphorylation under physiologically relevant conditions, Ca V 1.1 channels were purified from skeletal muscle and sites of phosphorylation on the α1 subunit were identified by mass spectrometry. Two phosphorylation sites were identified in the proximal C-terminal domain, serine 1575 (S1575) and threonine 1579 (T1579), which are conserved in cardiac Ca V 1.2 channels (S1700 and T1704, respectively). In vitro phosphorylation revealed that Ca V 1.1-S1575 is a substrate for both cAMP-dependent protein kinase and calcium/calmodulin-dependent protein kinase II, whereas Ca V 1.1-T1579 is a substrate for casein kinase 2. Treatment of rabbits with isoproterenol to activate β-adrenergic receptors increased phosphorylation of S1575 in skeletal muscle Ca V 1.1 channels in vivo, and treatment with propranolol to inhibit β-adrenergic receptors reduced phosphorylation. As S1575 and T1579 in Ca V 1.1 channels and their homologs in Ca V 1.2 channels are located at a key regulatory interface between the distal and proximal C-terminal domains, it is likely that phosphorylation of these sites in skeletal and cardiac muscle is directly involved in calcium channel regulation in response to the sympathetic nervous system in the fight-orflight response.
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adrenalin | calcium channels | cyclic AMP | mass spectometry | protein kinase A T he voltage-gated calcium channels Ca V 1.1 and Ca V 1.2 initiate excitation-contraction coupling in skeletal and cardiac muscle, respectively (1) (2) (3) (4) , and up-regulation of L-type calcium currents through these channels by epinephrine and norepinephrine via activation of β-adrenergic receptors, G proteins, adenylyl cyclase, and cAMP-dependent protein kinase (PKA) phosphorylation increases contractility in the fight-or-flight response (1, (5) (6) (7) (8) . In skeletal muscle, Ca V 1.1 channels initiate excitation-contraction coupling by direct protein-protein interactions with the ryanodine-sensitive calcium release channels in the sarcoplasmic reticulum (3). Ca V 1.1 channels also conduct slowly activated, sustained calcium currents (9), which do not participate directly in initiation of excitationcontraction coupling in single muscle twitches (10) . However, tetanic stimulation of skeletal muscle is required for development of substantial contractile force (11) , and slow calcium currents through Ca V 1.1 channels are necessary for the increase in contractile force with increasing frequency of stimulation of skeletal muscle fibers (12, 13) . Calcium currents conducted by Ca V 1.1 channels are upregulated by β-adrenergic regulation and PKA phosphorylation, resulting in increased contractile force (14) (15) (16) . Remarkably, despite decades of work, the molecular mechanism of calcium channel up-regulation by this crucial physiological pathway and the sites of phosphorylation that regulate Ca V 1.1 and Ca V 1.2 channels by cAMP-dependent protein kinase remain undefined.
The intracellular C terminus of Ca V 1 channels is an important region for regulation of channel activity. Skeletal muscle Ca V 1.1 channels and cardiac Ca V 1.2 channels are both posttranslationally processed in vivo by proteolysis near the center of the 600-amino acid C-terminal domain (17) (18) (19) (20) (21) (22) (23) , but proteolytic processing is not observed in transfected nonmuscle cells (24) . The C terminus is a substrate for PKA, and the sites of most rapid phosphorylation of purified Ca V 1.1 and Ca V 1.2 in vitro are located in the distal C-terminal domain (19, 25, 26) . Despite proteolytic processing, the distal C terminus (dCT) beyond the point of proteolytic truncation is required for interaction with A Kinase Anchoring Protein 15 (AKAP15) (27) (28) (29) , which in turn is required for β-adrenergic regulation of Ca V 1.1 and Ca V 1.2 channels in intact skeletal and cardiac myocytes (28) (29) (30) (31) . Coexpression of the dCT as a separate protein by transfection in nonmuscle cells leads to binding to the proximal C-terminal domain of truncated Ca V 1.1 and Ca V 1.2 channels (23, 24) and to dramatic autoinhibition of Ca V 1.2 channel activity (24) . We have previously proposed that the autoinhibitory complex of the Ca V 1.2 channel with its proteolytically processed dCT noncovalently bound is the natural substrate for regulation by the β-adrenergic pathway, which relieves the autoinhibition by the dCT (24) . Unfortunately, the only confirmed site of cAMP-dependent phosphorylation of the Ca V 1.2 channel [S1928 in the dCT (19, 32) ] is not conserved in Ca V 1.1 and is not required for regulation of Ca V 1.2 channels in vivo (33, 34) . Therefore, we set out to identify additional sites of cAMPdependent phosphorylation that may be responsible for regulation of Ca V 1.1 and Ca V 1.2 channels by the β-adrenergic pathway.
Research on the mechanisms of regulation of the cardiac and skeletal calcium channels has been linked by their similarities of structure and regulation. Biochemical studies are most easily performed on Ca V 1.1 channels, which can be isolated in pure form but are not easily studied by in vitro functional expression. On the other hand, Ca V 1.2 channel activity is easily studied by in vitro expression, but Ca V 1.2 cannot be isolated in high yield and purity for biochemical studies. In the experiments reported here, we have exhaustively mapped the sites of phosphorylation on the C terminus of purified Ca V 1.1 channel using mass spectrometry (MS) to identify sites that may be required for regulation by the β-adrenergic signaling pathway in vivo. We identified two phosphorylation sites within the proximal C terminus of the poreforming α 1 subunit and demonstrated β-adrenergic regulation of phosphorylation of S1575 in rabbit skeletal muscle in vivo. This site and an adjacent casein kinase II phosphorylation site at T1579 lie at the interface for noncovalent interaction between the dCT and the proximal C terminus in a position where site-directed The authors declare no conflict of interest. 1 To whom correspondence should be addressed. E-mail: wcatt@u.washington.edu.
mutations disrupt the regulatory interactions between these domains (24) . The rapid phosphorylation of S1575 in intact skeletal muscle, the conservation of both of these sites in cardiac Ca V 1.2 channels, and their position at a key regulatory interface in both Ca V 1.1 and Ca V 1.2 channels make phosphorylation of S1575 and T1579 in Ca V 1.1 channels, or S1700 and T1704 in Ca V 1.2 channels, prime candidates for β-adrenergic-mediated regulation of skeletal muscle and cardiac calcium channels.
Results
Identification of Endogenous Phosphorylation Sites on the C Terminus of Ca V 1.1 Channels. To identify potential sites of regulation of Ca V 1.1 channels under physiologically relevant conditions, we developed methods to examine the phosphorylation state of Ca V 1.1 purified from rabbit skeletal muscle tissue using MS. Established procedures were used to purify Ca V 1.1 from rabbit skeletal muscle tissue (35) , and the calcium channel subunits were separated by SDS/PAGE, visualized with Coomassie blue staining (Fig. 1A) , excised from the gel, and subjected to in-gel digestion with trypsin. Tryptic peptides were analyzed by electrospray ionization-liquid chromatography-MS/MS on an LCQ Classic (Thermo Electron) ion trap mass spectrometer. All observable tryptic peptides predicted for the proximal C terminus were detected, giving 80% sequence coverage (Fig. 1B) . This enabled detection of 25 of 31 potentially phosphorylated serine, threonine, and tyrosine residues present in the proximal C-terminal domain.
Two previously uncharacterized phosphorylation sites were identified on the C terminus of Ca V 1.1: S1575 and T1579 (Fig. 2) . These phosphorylation sites reside in the proximal C-terminal regulatory domain (PCRD), which is responsible for interaction with and regulation by the proteolytically processed dCT of Ca V 1.1 (23) . Both phosphorylation sites are present on a single tryptic peptide ( Fig. 2A) . The MS/MS spectra reveal the presence of monophosphorylated pS1575 peptide ( Fig. 2B ) and diphosphorylated pS1575+pT1579 peptide (Fig. 2C) . The monophosphorylated pT1579 peptide was not observed. The relative abundance of the phosphorylated forms was examined by monitoring the total ion current of extracted ions corresponding to the tryptic peptide 1573 TISGDLTAEEELER. Approximately 26% of the total peptide ions were unphosphorylated, 68% were monophosphorylated at S1575, and 6% were diphosphorylated (pS1575+pT1579) (Fig.  2D ). Thus, S1575 was the primary site of phosphorylation of the proximal C-terminal domain of Ca V 1.1 channels in skeletal muscle.
If phosphorylation of S1575 or T1579 is important in β-adrenergic regulation of calcium channels, we would expect conservation of these amino acid residues in Ca V 1.1 and Ca V 1.2 channels, but not necessarily in other Ca V 1 family calcium channels that have different modes of regulation. S1575 and T1579 are indeed conserved in Ca V 1.1 and Ca V 1.2 channels, and the amino acid sequence surrounding them has only a single substitution in 18 residues (Fig. 2E) . S1575 is also conserved in Ca V 1.3 channels, but T1579 and the surrounding amino acid sequence are not highly conserved (Fig. 2E) . Perfusion of PKA into transfected cells expressing Ca V 1.3 channels gives a small (≤30%) increase in calcium current, which is partially dependent on phosphorylation of S1743, the homolog of S1575 in Ca V 1.1 channels (36). However, this increase is far smaller than the three-to fourfold increase in calcium currents typically recorded in skeletal or cardiac myocytes stimulated with β-adrenergic agonists. S1575 is replaced by a Thr residue in Ca V 1.4 channels, which are specifically expressed in the rod and cone photoreceptors in the retina; but the changes in amino acid sequence context make it less likely that this residue would be phosphorylated by PKA (Fig. 2E ). Rods and most types of cones respond to activation of PKA with a decrease in calcium current, but a small (≤20%) increase in calcium current was observed upon activation of PKA in red-sensitive single large cones from salamander retina (37) . The weaker PKA regulation of calcium currents in cells expressing Ca V 1.3 and Ca V 1.4 channels, compared with the robust regulation in skeletal and cardiac myocytes, is consistent with the differences in amino acid sequences at these phosphorylation sites and suggests that phosphorylation of amino acid residues homologous to S1575 may contribute to the low level of regulation of calcium channels by PKA in cells expressing these channel subtypes.
Identification of Protein Kinases Responsible for Phosphorylation of S1575 and T1579. Programs for prediction of sites of protein phosphorylation were used to deduce which enzymes might be responsible for phosphorylation of the identified endogenous phosphorylation sites on Ca V 1.1 channels. The basic amino acids at positions -3 and -4 from S1575 suggested that this site could be phosphorylated by PKA (consensus RRXS) and/or CaMKII (consensus RRXXS). To determine whether S1575 is a substrate for these predicted kinases, in vitro phosphorylation assays were performed. Purified Ca V 1.1 was dephosphorylated with calf intestinal alkaline phosphatase (CIP), and CIP was then inhibited by addition of sodium orthovanadate. This dephosphorylated preparation of Ca V 1.1 was incubated with the protein kinase of interest in the presence of Mg•ATP. Phosphate incorporation was assessed by LC-MS and MS/MS as described for Fig. 2. Fig. 3 shows that the majority A B of phosphate was removed from the S1575-containing peptide after CIP treatment, with only 16% of the pS1575 remaining. PKA treatment resulted in an increase in phosphorylation of the S1575-containing peptide by 24%, and CaMKII treatment resulted in a 20% increase. The site of phosphorylation at S1575 was reconfirmed by MS/MS sequencing for both PKA and CaMKII as in Fig.  2 , indicating that both kinases are capable of phosphorylating Ca V 1.1-S1575 in vitro. Treatment with PKCα, another basic residue-directed kinase (consensus RRXXS(X) 0-2 (R/K) 1-3 ), did not result in substantial phosphorylation of S1575 in vitro (Fig. 3) . These results indicate that PKA and CaMKII selectively phosphorylate S1575 in the context of the intact Ca V 1.1 channel in vitro. The acidic amino acid residues at positions +3 and +4 from T1579 suggested this site could be a substrate for Casein Kinase 2 (CK2, consensus TXXEE). To test this prediction, in vitro phosphorylation assays were performed. Treatment with CK2 and Mg•ATP resulted in a 47% increase in phosphorylation at T1579 (Fig. 4) , and this site of phosphorylation was reconfirmed by MS/ MS sequencing as in Fig. 2 . Therefore, T1579 is a substrate for CK2 in the context of the intact Ca V 1.1 channel in vitro.
β-Adrenergic Stimulation of Ca V 1.1-S1575 Phosphorylation in Vivo.
Because S1575 is a substrate for PKA, we examined whether phosphorylation at this site is regulated in vivo during β-adrenergic stimulation. To do this, we developed a phosphospecific anti- peptide antibody directed against this site. Immunoblots of purified Ca V 1.1 channels revealed strong labeling of the native protein (Fig. 5A) , as expected from the high level of phosphorylation of S1575 in vivo (Fig. 2) . In contrast, after dephosphorylation with CIP, immunolabeling with an antibody against Ca V 1.1 was retained, whereas labeling with the phosphospecific antibody against pS1575 was completely lost (Fig. 5A) . These results establish that this phosphospecific antibody is specific for pS1575.
To study the effects of β-adrenergic stimulation, New Zealand White rabbits were treated with the β-adrenergic receptor agonist isoproterenol, the β-adrenergic receptor antagonist propranolol, or saline as a control. Heart rate was monitored to confirm the effectiveness of drug treatment. Because handling of the rabbits causes excitement and anxiety, the basal heart rate of our experimental animals was typically above normal. For example, in the group of three rabbits illustrated in Fig. 5B , the beating rate at 5 min after treatment was 252 beats/min under control conditions. Isoproterenol increased heart rate to 305 beats/min, and propranolol reduced heart rate to 170 beats/min. Following these treatments, the animals were killed, and skeletal muscle was harvested and rapidly frozen in liquid nitrogen. T-tubule membranes were prepared, and proteins were solubilized in 1% digitonin and separated by SDS/PAGE. Immunoblot analysis showed that comparable amounts of Ca V 1.1 channel protein were recovered following all three treatments (Fig. 5C ). In contrast, the level of phosphorylation of S1575 was substantially increased by treatment with isoproterenol and substantially reduced by treatment with propranolol (Fig. 5C ). These results demonstrate that the level of phosphorylation of S1575 in vivo is high during β-adrenergic stimulation and low when β-adrenergic stimulation is blocked. These results are consistent with an important role for phosphorylation of this site in β-adrenergic stimulation of Ca V 1 channel activity in the fight-or-flight response. Discussion S1575 and T1579 Are Phosphorylated in Ca V 1.1 Channels in Vivo.
Numerous protein kinases have been shown to phosphorylate Ca V 1.1 channels in this laboratory and others by incubating the purified protein in vitro with protein kinases and [
32 P]ATP and measuring incorporation of 32 P into the α 1 subunits (19, 25, 26, (38) (39) (40) (41) (42) . By this approach, phosphorylation by PKA, PKC, PKG, and CaMKII has been measured, and specific sites of phosphorylation have been identified for PKA and other kinases. Unfortunately, none of these sites has been convincingly shown to be required for regulation of Ca V 1.1 channels by phosphorylation in vitro or in vivo. As an alternative approach, we have identified sites that are phosphorylated under physiologically relevant conditions in vivo by isolation of the Ca V 1.1 channel protein from skeletal muscle and identification of sites of endogenous phosphorylation using MS. Because regulation of skeletal muscle contraction is continuous in an actively moving animal, dynamic phosphorylation and dephosphorylation of regulatory sites on Ca V 1.1 channels would be expected to result in measurable steady-state phosphorylation of key amino acid residues. Isolation of the Ca V 1.1 channel under conditions that prevent dephosphorylation would therefore reveal sites of regulatory phosphorylation. Identification of S1575 and T1579 as sites of phosphorylation in vivo by MS of purified Ca V 1.1 channels marks these sites as important candidates for regulation of Ca V 1.1 channel activity in vivo.
Ca V 1.1-S1575 Is Selectively Phosphorylated by PKA and CaMKII. Our results demonstrate that S1575 can be phosphorylated by PKA and CaMKII in vitro. The activity of Ca V 1.1 channels is greatly increased by PKA phosphorylation in skeletal muscle cells, dissociated skeletal muscle fibers, and reconstituted phospholipid vesicles and bilayers (14) (15) (16) (43) (44) (45) , and the activity of Ca V 1.2 channels is increased by both PKA and CaMKII (2, 5, 6) . Phosphorylation of Ca V 1.1-S1575 and Ca V 1.2-S1700, the corresponding site in Ca V 1.2 channels, could contribute to both basal and β-adrenergic-stimulated calcium channel regulation by these protein kinases. However, recent studies have suggested a dom- Fig. 4 . Identification of protein kinase responsible for phosphorylation of Ca V 1.1-T1579. An experiment similar to that described in Fig. 3 was carried out with CK2. LC-MS analysis shows MH 2+ extract ions corresponding to unphosphorylated (0P), monophosphorylated (1P), and diphosphorylated (2P) forms of the indicated peptide. Ca V 1.1 purified from rabbit skeletal muscle was treated with CK2 in the presence of Mg•ATP for 2.5 h at 30°C. Sites of phosphorylation were confirmed by MS/MS sequencing.
A B C Fig. 5 . Regulation of phosphorylation of Ca V 1.1-S1575 in vivo in response to β-adrenergic stimulation. (A) Ca V 1.1 purified from rabbit skeletal muscle was treated with CIP for 2 h at 30°C where indicated, separated by SDS/PAGE, and immunoblots were probed with either anti-Ca V 1.1 or the phosphospecific antipS1575 antibody. (B) Rabbits were injected with control saline, 1 mg/kg isoproterenol, or 4 mg/kg propranolol, and heart rate was monitored postinjection.
(C) Protein from T-tubule membranes prepared from rabbits treated with saline (CON), the β-adrenergic blocker propranolol (PRO), or the β-adrenergic agonist isoproterenol (ISO) were solubilized, separated by SDS/PAGE, and examined by immunoblot as in A.
inant role for phosphorylation of two other sites in the proximal C-terminal domain of Ca V 1.2 channels by CaMKII in voltagedependent facilitation of cardiac calcium currents in transfected cells and in murine heart in vivo (46, 47) . In light of those results, phosphorylation of Ca V 1.2-S1700 may be primarily involved in PKA regulation in response to activation of the sympathetic nervous system and β-adrenergic signaling.
Ca V 1.1-T1579 Is Selectively Phosphorylated by CK2. Our results also show that T1579 is phosphorylated in rabbit skeletal muscle and is phosphorylated by CK2 in vitro in purified Ca V 1.1 channels. CK2 has not previously been implicated in regulation of Ca V 1.1 or Ca V 1.2 channels in physiological studies, but its phosphorylation of Ca V 1.1 channels has previously been observed in biochemical studies of purified Ca V 1.1 channels (42). Our results showing that T1579 is phosphorylated on Ca V 1.1 channels in vivo in rabbit skeletal muscle suggest a potential role in calcium channel regulation because this site is located at the interface between the PCRD and DCRD, well-positioned to modulate the autoinhibition of Ca V 1 channel activity by the distal C-terminal domain (24) . CK2 is thought to phosphorylate its target sites constitutively, often through direct binding to its substrates, and control of phosphorylation of those sites is thought to be dependent on second messenger-regulated phosphoprotein phosphatases (48) . Phosphorylation at this site may serve as a priming mechanism that controls the amplitude of the β-adrenergic response and its reversal by second messenger-activated phosphoprotein phosphatases.
β-Adrenergic Regulation Increases Phosphorylation of S1575 in Ca V 1.1 Channels in Vivo. We obtained direct evidence for a possible role of phosphorylation of S1575 in β-adrenergic stimulation of Ca V 1.1 channels in vivo. Stimulation of β-adrenergic receptors in vivo with isoproterenol increased phosphorylation of S1575 in rabbit skeletal muscle, whereas inhibition with propranolol reduced phosphorylation, in parallel with regulation of heart rate as a monitor of the sympathetic response. Because poor expression of Ca V 1.1 channels in vitro has prevented reconstitution of regulation by the PKA pathway in nonmuscle cells, further analysis of regulation of Ca V 1.1 channels by phosphorylation of S1575 may require mutation of this amino acid residue in vivo and studies of muscle fibers isolated from genetically altered mice.
Important Roles for Phosphorylation of S1700 and T1704 in Regulation of Cardiac Calcium Channels. In contrast to Ca V 1.1 channels, expression of Ca V 1.2 channels in vitro in nonmuscle cells is robust and can be used for functional analysis of mutant Ca V 1.2 channels.
In recent studies, we have reconstituted PKA-dependent regulation of Ca V 1.2 channels in nonmuscle cells with a dynamic range of up to fourfold (49) under conditions that require formation of an autoinhibitory signaling complex containing the noncovalently associated distal C-terminal domain, AKAP15, and PKA, as in intact ventricular myocytes (24, 31) . In this reconstituted system, we have found that phosphorylation of Ca V 1.2-S1700 and Ca V 1.2-T1704 are required for PKA-dependent regulation, with phosphorylation of S1700 and T1704 both contributing to basal regulation and phosphorylation of S1700 playing a dominant role in stimulation by the β-adrenergic/PKA signaling pathway (49) . These results reveal a key role for phosphorylation of these amino acid residues in Ca V 1.2 channels in mediating the fight-or-flight response in cardiac myocytes. By analogy, it is likely that phosphorylation of S1575 and T1579 is required for regulation of Ca V 1.1 channels in skeletal muscle as well.
Materials and Methods
Antibodies and cDNA Constructs. Anti-Ca V 1.1: rabbit polyclonal antibodies (anti-CP11) were generated against peptides corresponding to rabbit Ca V 1.1-1601-1618. Anti-Ca V 1.2-pS1700 phosphospecific antibody (which also recognizes Ca V 1.1-pS1575) was generated against residues 1694 EIRRAIpSGDL-TAEEEL in the proximal C terminus (Pacific Immunology).
Rabbit Drug Treatment, Protein Purification, and Sample Preparation. All animal procedures were conducted in compliance with the recommendations of the Institutional Animal Care and Use Committee of the University of Washington. Rabbit skeletal muscle Ca V 1.1 channels were purified as previously described (35) . Male New Zealand White rabbits (2.5 kg, Western Oregon Rabbit Co.) were drug treated with saline control, 1 mg/kg isoproterenol, or 4 mg/kg propranolol, and heart rate was monitored to ensure drug effectiveness. Animals were killed by lethal injection of pentobarbital; skeletal muscle was rapidly harvested, rinsed briefly in PBS (PBS, pH 7.4), snap frozen in liquid nitrogen, and stored at −80°C. All purification steps were carried out at 4°C in the presence of the following protease and phosphatase inhibitors: 1 μM aprotinin, 1 μM pepstatin, 10 μM leupeptin, 100 μM benzamidine, 1 mM phenanthroline, 10 μM E-64, 20 μg/μL soybean trypsin inhibitor, 0.5 mM NaVO 4 , 100 nM microcystin, and 10 nM cyclosporin A. Ca V 1.1 was purified using wheat germ agglutinin-linked agarose (Vector Labs) and anion exchange DEAE Sephadex A-25 (GE Healthcare), chromatography (35, 50) . Pure protein was snap frozen in liquid nitrogen and stored at −80°C in singleuse aliquots.
For mass spectrometric analysis, 1-2.5 μg of pure protein was separated by SDS/PAGE, the band of interest was excised and subjected to in-gel trypsin (Gold, Promega) digestion by standard procedures (http://donatello. ucsf.edu/ingel.html). A 1-to 3-pmol quantity of tryptic peptides was analyzed by MS.
In Vitro Phosphorylation. Pure Ca V 1.1 was first dephosphorylated with 5 U CIP (NEB) for 2 h at 30°C in assay buffer (20 mM Tris, pH 7.5, 10 mM MgCl 2 , 2 mM DTT, 10 mM NaCl, and 200 mM ATP), and phosphatase was quenched with 10 mM NaVO 4 . Then Ca V 1.1 was phosphorylated with 100 U PKA from bovine heart (Sigma), 100 U CaMKII (NEB), or 25 U CK2 (NEB) for 2.5 h at 30°C in assay buffer (20 mM Tris pH 7.5, 10 mM MgCl 2 , 2 mM DTT, 10 mM NaCl, and 200 mM ATP). Reactions were quenched, proteins were resolved by SDS/ PAGE and subjected to in-gel digestion, and phosphate incorporation was assessed by LC-MS and LC-MS/MS.
MS. MS was performed using an Agilent 1100 series HPLC (Agilent Technologies) coupled to an LCQ Classic ion trap mass spectrometer (ThermoElectron). Peptides were loaded onto a Paradigm Platinum Peptide Nanotrap (Microm) and then separated on a reverse-phase capillary column (10 cm × 75 μm, Jupiter Proteo C12, Phenomenex) with a linear gradient from 2% to 40% acetonitrile in 40 min. One full mass scan was acquired (300-2,000 Da), and then the four most intense peaks were selected for MS/MS analysis. The dynamic exclusion limit was set to exclude a given m/z after it had been sequenced twice during a 90-s interval. Mass spectra were analyzed using TurboSequest configured with the following parameters: a peptide mass tolerance of 2.5 Da (average), a fragment ion mass tolerance of 1.0 Da (average), differential modification on S/T/Y +80 Da, and allowance of two incomplete cleavages. All MS/MS peak assignments were manually validated. The relative abundance of the modified forms for each peptide was determined using the ICIS peak detection method (Xcalibur, Thermo Scientific) for the indicated extract ions. The percentages were calculated based on the sum of integrated peak areas for all detected modified forms of the peptide.
